Cells divide according to a spatially and a temporally regulated process called the cell cycle. This intricate mechanism is usually divided into four phases, namely G 1 (Gap1), S (DNA replication), G 2 (Gap2), and M (mitosis/meiosis). To ensure successful completion of its division, each phase and each checkpoint (G 0 /G 1 , G 1 /S, G 2 /M, and metaphase/anaphase) are tightly controlled by several factors that work in concert. Cyclin-dependent kinases (cdks) 1 and their specific regulators cyclins are the best described regulators monitoring the cell cycle progression. A dysregulation of these cdks leads to an uncontrolled cell division ending up in tissue cancerization (for a review, see Ref. 1).
Cells divide according to a spatially and a temporally regulated process called the cell cycle. This intricate mechanism is usually divided into four phases, namely G 1 (Gap1), S (DNA replication), G 2 (Gap2), and M (mitosis/meiosis). To ensure successful completion of its division, each phase and each checkpoint (G 0 /G 1 , G 1 /S, G 2 /M, and metaphase/anaphase) are tightly controlled by several factors that work in concert. Cyclin-dependent kinases (cdks) 1 and their specific regulators cyclins are the best described regulators monitoring the cell cycle progression. A dysregulation of these cdks leads to an uncontrolled cell division ending up in tissue cancerization (for a review, see Ref. 1) .
Xenopus laevis oocyte has been widely used as a model for studying the regulation of the cell cycle. The imposing size of this cell (1.3-mm diameter with a nucleus of 300 m), a total protein quantity of 25 g/oocyte, and its amenability for manipulation made this model powerful for the characterization and the identification of many key cell cycle components, such as the M phase-promoting factor (MPF) and the cytostatic factor (2, 3) . During oogenesis, the oocyte accumulates nutrients and materials (mRNAs and enzymes) that will be necessary to carry out meiosis and for the further fertilization and embryogenesis. At the end of oogenesis, the oocyte is physiologically blocked in prophase of the first meiotic division in a G 2 -like stage and is called immature oocyte. After progesterone stimulation (produced and secreted by follicular cells surrounding the oocyte in response to LH), the oocyte resumes meiosis in a G 2 /M analogue transition phase; this process termed oocyte maturation is first accompanied by the germinal vesicle breakdown, the condensation of the chromosomes, and the spindle assembly (for a review, see Ref. 4) . At the molecular level, the oocyte maturation is in part under the control of cdc25C and myt1, a dual specificity phosphatase and a dual specificity kinase, respectively, acting on cdk1 Thr-14 and Tyr-15. The phosphorylation status of both residues is critical for the activation of the MPF (cdk1-cyclin B) (5, 6) . Concomitantly to the MPF, the mos-erk2 pathway, which is required for normal spindle formation (7) , is also activated. At the end of maturation, the meiotic cell cycle is stopped in metaphase II in anticipation for fertilization.
We have shown recently that the X. laevis oocyte maturation was accompanied by an increase in O-GlcNAcylation (8) and that the inhibition of O-GlcNAc-transferase (OGT), the enzyme transferring the GlcNAc group to the target proteins, delayed or blocked this process (9) depending on the inhibitor concentration. O-GlcNAcylation is a particular PTM in that it possesses features different from other glycosylation types (for reviews, see Refs. 10 -13) . First, O-GlcNAcylation is the modification of serine and threonine residues by a single N-acetylglucosamine moiety that is neither elongated nor epimerized. Second, it is found within the cytosolic and the nuclear compartments, whereas the "classical" N-and O-glycosylation types are mainly confined into the lumen of organelles (endoplasmic reticulum, Golgi, and lysosome) and the secretory pathway, including membrane-bound proteins. Third, O-GlcNAcylation is highly dynamic like phosphorylation. These two PTMs can indeed compete at the same or a neighboring site. Although O-GlcNAcylation is abundantly widespread in eukaryotes and although more than 600 proteins bearing O-GlcNAc have been identified to date (for reviews, see Refs. [11] [12] [13] , in most cases its exact function(s) remains to be elucidated. Nevertheless O-GlcNAcylation seems to be crucial for many cellular processes such as transcription, cell signaling, intracellular trafficking, development, and the cell cycle. Several studies support the functional importance of O-GlcNAcylation in the cell cycle progression (for a review, see Ref. 14) . For instance, microinjection of bovine galactosyltransferase, an enzyme capping terminal GlcNAc residues, inhibited Xenopus oocyte M phase entry and blocked M to S phase transition (15) . At the same time, Slawson et al. (16) showed that the perturbation of Xenopus oocyte O-GlcNAcylation levels either by glucosamine or PUGNAc treatment modified the maturation kinetics. Later PUGNAc was used to inhibit the O-GlcNAc-hydrolyzing enzyme O-N-acetylglucosaminidase in somatic cultured cells:
PUGNAc-treated cells progressed more slowly through the cell cycle than the untreated cells (17) . Therefore, it appears that O-GlcNAcylation, like many other PTMs, plays a determining role in the regulation of the cell cycle. For example, the impact of histone modifications by methylation, acetylation, and phosphorylation in the relaxation/condensation of chromatin during the G 2 /M transition has been described intensively (for a review, see Ref. 18) . The regulation of cyclin stability by ubiquitination and the regulation of MPF activity by phosphorylation are two other examples of the control of the cell cycle by PTMs. To better understand how O-GlcNAc levels can control the cell cycle, the identification of proteins for which O-GlcNAcylation content varies during this process appears to be essential. Because of a low O-GlcNAcylation expression in Xenopus oocyte in comparison with human somatic cells, the enrichment of O-GlcNAc-bearing proteins by classical approaches (based on immunoprecipitation or lectin affinity) was insufficient for the identification of OGlcNAcylated proteins even if it previously allowed for the identification of O-GlcNAc-modified actin and erk2. Here we therefore opted for an in vitro modification of O-GlcNAc proteins with azido-GalNAc (GalNAz) followed by a chemical addition of a biotin probe. This strategy led to the identification of more than 20 proteins involved in cell architecture, metabolism, and protein translation and to the localization of an O-GlcNAcylated site within the 318 -324 region of ␤-actin. Furthermore immunofluorescence microscopy studies showed that the meiotic spindle interacts with OGT, bears O-GlcNAc, and/or interacts with O-GlcNAcylated proteins and that condensed chromatin also interacts with OGT and is enriched in O-GlcNAcylated proteins. The latter observations further underline the importance of O-GlcNAcylation in cell division and in the progression of the cell cycle.
EXPERIMENTAL PROCEDURES

Animals, Chemicals, and Bioreagents
Adult Xenopus females came from the University of Rennes I (Rennes, France). Tricaine methane sulfonate was purchased from Sandoz (Levallois-Perret, France). Collagenase A and protease inhibitors were purchased from Roche Applied Science. Progesterone, agarose-coupled WGA beads, agarose-coupled avidin beads, peroxidase-labeled avidin, rabbit polyclonal anti-O-GlcNAc-transferase (DM17), and mouse monoclonal anti-␤-tubulin (Tub2.1) were purchased from Sigma-Aldrich. Biotin alkyne, Click-it TM O-GlcNAc enzymatic labeling system, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit IgG, and Alexa Fluor 594 goat anti-rabbit IgG were purchased from Molecular Probes/Invitrogen. Mouse monoclonal anti-O-GlcNAc (RL2) was purchased from Affinity Bioreagents (Golden, CO). CTD110.6 was a kind gift from Prof. Gerald W. Hart's group (Johns Hopkins University, Baltimore, MD). Mouse monoclonal anti-erk2 (D-2), rabbit polyclonal anti-actin (I-19), mouse monoclonal anti-␣-tubulin (B-5-1-2), and normal rabbit IgG control (sc-2027) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The guinea pig polyclonal antibody directed against the 35-kDa catalytic subunit of PP2A was described previously (19) . Mouse monoclonal anti-PCNA was purchased from Dako (Glostrup, Denmark). Anti-mouse (IgG or IgM), anti-rabbit (IgG), and anti-guinea pig horseradish peroxidase-labeled secondary antibodies and enhanced chemiluminescence reagents were purchased from GE Healthcare. Texas Red-coupled anti-mouse IgM was from Jackson ImmunoResearch Europe Ltd. (Suffolk, UK).
Handling of Oocytes
After anesthetizing Xenopus females by immersion in 1 g⅐liter Ϫ1 MS222 solution (tricaine methane sulfonate), ovarian lobes were surgically removed and placed in ND96 medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES-NaOH, pH 7.5). Fully grown stage VI oocytes were isolated, and follicle cells were partially removed by a collagenase treatment for 30 min (1 mg⅐ml Ϫ1 collagenase A) followed by a manual microdissection. Oocytes were stored at 14°C in ND96 medium until experiments.
Stimulation and Analysis of G 2 /M Transition (Meiotic Resumption) in Xenopus Oocytes
Meiotic resumption (M phase entry) was induced by incubating G 2 -arrested oocytes in ND96 medium containing 10 M progesterone. Progesterone is naturally synthesized and secreted by follicular cells (after stimulation by the hypophyseal gonadotropin LH) that are around the oocyte. Progesterone is then transformed into different metabolites that trigger meiotic resumption. Germinal vesicle breakdown achievement, a sign of M phase entry, was scored by the appearance of a white spot at the animal pole of the oocyte and checked by hemisection after heat fixation (3 min at 100°C).
Immunoprecipitation Assays
Batches of 20 immature and matured oocytes and around 8⅐10 6 HeLa cells were lysed in 1 ml of immunoprecipitation buffer (IB; 10 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, protease inhibitors, pH 7.4). After centrifugation at 20,000 ϫ g, supernatants were incubated overnight at 4°C with either 10 l of anti-O-GlcNAc (RL2), anti-actin antibodies, or control IgG. Then 50 l of protein G (for RL2 immunoprecipitation) or protein A (for actin immunoprecipitations) were added to the samples that were newly placed for 1 h at 4°C. Four washes were carried out in the following order: IB, IB supplemented with 0.5 M NaCl, IB/TNE (10 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4) (v/v), and finally TNE alone. Immunoprecipitates were resuspended in Laemmli buffer and boiled.
Enrichment of O-GlcNAc-bearing Proteins with WGA Immobilized on Agarose Beads
These experiments were performed in two conditions as described previously (8, 20) : in non-denaturing conditions that permitted the recovery of all O-GlcNAcylated proteins and their associated partners and in more stringent conditions in which all protein-protein interactions were broken.
WGA Enrichment in Non-denaturing Conditions-Batches of 20 immature or matured oocytes were removed and lysed in 100 l of homogenization buffer (60 mM ␤-glycerophosphate, 15 mM paranitrophenyl phosphate, 25 mM MOPS, 15 mM EGTA, 15 mM MgCl 2 , 2 mM DTT, 1 mM sodium orthovanadate, 1 mM NaF, proteases inhibitors, pH 7.2). After centrifugation at 20,000 ϫ g, supernatants were collected and diluted with PBS (145 mM NaCl, 10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , pH 7.4). Then samples were incubated for 90 min at 4°C with 50 l of WGA-agarose beads. The bound proteins were collected by centrifugation, and the beads were washed four times with PBS, resuspended in 50 l of Laemmli buffer, and boiled for 10 min.
WGA Enrichment in Stringent Conditions-Batches of 20 immature or matured oocytes were removed and lysed in 200 l of homogenization buffer (10 mM Tris/HCl, 1 mM EDTA, 1 mM EGTA, 0.5% (v/v) Triton X-100, proteases inhibitors, pH 7.5). After centrifugation at 20,000 ϫ g, supernatants were collected, and 800 l of homogenization buffer were added. Then samples were incubated with WGAagarose beads, and WGA-bounds proteins were collected, washed four times with washing buffer (10 mM Tris/HCl, 100 mM NaCl, 0.4% (w/v) sodium deoxycholate, 0.3% (w/v) SDS, 0.2% (v/v) Nonidet P-40, pH 7.5), resuspended in Laemmli buffer, and boiled.
Labeling of O-GlcNAc-bearing Proteins by GalNAz and Biotin Alkyne Enrichment on Avidin Beads
Batches of 10 immature or matured oocytes were lysed in 100 l of homogenization buffer. 20 g of bovine ␣-crystallin were used as a positive control. Labeling of O-GlcNAc-bearing proteins by GalNAz and biotin alkyne was done using the Click-it O-GlcNAc enzymatic labeling system and the Click-it glycoprotein detection kit (biotin alkyne) according to the manufacturer's instructions. After labeling, the proteins were precipitated using the methanol/chloroform kit protocol and resuspended in 50 l of Tris/HCl, pH 8.0, containing 0.1% (w/v) SDS. 700 l of enrichment buffer (1% (v/v) Triton X-100, 0.1% (w/v) SDS in PBS) were added to the sample before incubating with 50 l of avidin-coupled beads (1 h at 4°C). The avidin-bound proteins were collected, washed three times with the enrichment buffer, resuspended in Laemmli buffer, and boiled. For the immunoprecipitation of erk2, methanol/chloroform-precipitated proteins were resuspended in immunoprecipitation buffer and treated as described above.
SDS-PAGE and Western Blotting
Proteins (the equivalent of one oocyte was loaded per lane) were separated by 10% SDS-PAGE or by 17.5% modified SDS-PAGE (21, 22) for erk2 (this level of cross-linking allows a better discrimination between the active and the inactive forms of these proteins) and electroblotted onto nitrocellulose sheet. Although the quantity of proteins remains rather constant in the Xenopus oocyte, equal loading and transfer efficiency were checked using Ponceau red staining. Blots were saturated with 5% (w/v) nonfat milk in TBS-Tween (15 mM Tris, 140 mM NaCl, 0.05% (v/v) Tween) for 45 min or in 3% BSA in TBS-Tween for the avidin-HRP blotting. Primary antibodies were incubated overnight at 4°C. Mouse monoclonal anti-O-GlcNAc (RL2), mouse monoclonal anti-erk2 (D-2), mouse monoclonal anti-␣-tubulin, mouse monoclonal anti-PCNA, guinea pig polyclonal anti-PP2A, and rabbit polyclonal anti-actin were used at a dilution of 1:1000. Mouse monoclonal anti-O-GlcNAc CTD110.6 was used at a dilution of 1:4000. Then membranes were washed three times for 10 min in TBS-Tween and incubated with either an anti-mouse (IgG or IgM) horseradish peroxidase-labeled secondary antibody or an anti-rabbit IgG or an anti-guinea pig IgG horseradish peroxidase-labeled secondary antibody at a dilution of 1:10,000. The avidin-labeled peroxidase was used at a dilution of 1:15,000. Finally three washes of 10 min each were performed with TBS-Tween, and the detection was carried out with enhanced chemiluminescence on a ChemiGenius 2 bioimaging system (Syngene).
Protein Identification by Mass Spectrometry
After running 10% SDS-PAGE, proteins were silver-stained according to the protocol described previously (23) . Protein bands of interest were trypsin-digested and analyzed as described by Slomianny et al. (24) . Nano-LC-nano-ESI-MS/MS analyses were performed on an ion trap mass spectrometer (LCQ Deca XP ϩ , Thermo Electron, San Jose, CA) equipped with a nanoelectrospray ion source
The Xenopus laevis Oocyte O-GlcNAcome coupled with a nano-high pressure liquid chromatography system (LC Packings Dionex, Amsterdam, The Netherlands).
1.4 l of sample were injected into the mass spectrometer using a Famos autosampler (LC Packings Dionex). The digest was first desalted and then concentrated on a reserve phase precolumn of 0.3-mm inner diameter ϫ 5 mm (Dionex) by solvent A (95% H 2 O, 5% acetonitrile, 0.1% HCOOH) delivered by a Switchos pumping device (LC Packings Dionex) at a flow rate of 10 l⅐min Ϫ1 for 3 min. Peptides were separated on a 15-cm ϫ 75-m-inner diameter, 3-m C 18 PepMap column (Dionex). The flow rate was set at 200 nl⅐min Ϫ1 . Peptides were eluted using a 5-70% linear gradient of solvent B (20% H 2 O, 80% acetonitrile, 0.08% HCOOH) for 45 min.
Coated nanoelectrospray needles were obtained from New Objective (Woburn, MA). Spray voltage was set at 1.5 kV, and capillary temperature was set at 170°C. The mass spectrometer was operated in positive ionization mode. Data acquisition was performed in a data-dependent mode consisting of alternately in a single run a full-scan MS over the range m/z 500 -2000 and a full-scan MS/MS of the ion selected in an exclusion dynamic mode (the most intense ion is selected and excluded for further selection for a duration of 3 min). MS/MS data were acquired using a 2-m/z unit ion isolation window and a 35% relative collision energy. MS/MS .raw data files were transformed in .dta files with Bioworks 3.1 software (Thermo Electron). The .dta files generated were next merged with merge.bat software to be downloaded in Mascot software (version 2.2) to create a merge.txt file for database searches in Swiss-Prot 53.2 (updated June 26, 2007; 272,212 sequences and 99,940,143 residues) and MSDB (updated August 31, 2006; 3,239,079 sequences and 1,079,594,700 residues). Search parameters were the following: X. laevis for taxonomy, one missed cleavage allowed, carbamidomethylcysteine as fixed modification, 2 Da for peptide tolerance, and 0.8 Da for MS/MS tolerance. Results were scored using the probabilitybased Mowse (molecular weight search) score (protein score is Ϫ10 ϫ log(p) where p is the probability that the observed match is a random event). Individual scores greater than 31 in MSDB and 23 in Swiss-Prot were considered as significant (p Ͻ 0.05). When peptides matched to multiple members of a protein family with the same set of peptides, the same sequences, and the same scores (for proteins and for peptides), we reported the first listed protein with its corresponding accession number that was given by the database.
Localization of the O-GlcNAcylation Sites on ␤-Actin Using MALDI-TOF/TOF
MALDI-TOF/TOF spectra were obtained using an ULTRAFLEX III TM mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany). The instrument was operated in a reflector-positive mode. Sample preparation was performed with the dried droplet method using a mixture of 0.5 l of sample with 0.5 l of matrix solution. The matrix solution was prepared from a saturated solution of ␣-cyano-4-hydroxycinnamic acid in H 2 O, 50% acetonitrile. External mass calibration was performed using a commercially prepared standard mixture of eight peptides (Bruker Daltonics GmbH). For each MALDI analysis, spectra were acquired using the FlexControl TM acquisition software (Version 2.2, Bruker Daltonics GmbH).
Immunocytological Analysis
Immunocytological analyses were carried out as described elsewhere (7, 25) .
Hemisection of Oocytes-All steps were done in 1.5-ml microcentrifuge tubes. The oocytes were fixed overnight in methanol at Ϫ20°C. Samples were gradually rehydrated with PBS. After five rinses in PBS, the samples were incubated in PBS containing 0.1% (v/v) Tween 20 and 3% (w/v) BSA for 30 min followed by an overnight incubation at 4°C with the primary antibodies in PBS, 0.1% (v/v) Tween 20, 3% (w/v) BSA (diluted 1:50 for the anti-␤-tubulin (Tub2.1), anti-OGT (DM17), and anti-O-GlcNAc (CTD110.6 or RL2)). Samples were then rinsed five times with PBS and incubated for 1 h at 4°C with the Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-rabbit IgG, or Texas Redlabeled anti-mouse IgM secondary antibodies (1:100 in PBS, 0.1% (v/v) Tween 20, 3% (w/v) bovine serum albumin). After five rinses in PBS, samples were cut in half at the animal-vegetal equator. The vegetal half was discarded, and the animal half was transferred to a standard slide. The samples were dried and mounted in 80% glycerol, 20% PBS containing 1 g⅐ml Ϫ1 Hoechst 33342. The oocytes were visualized using an Axioplan 2 imaging microscope (Zeiss) and an Axio Cam HRc camera (AxioVision).
7-m Sections of Oocytes-The oocytes were fixed overnight in methanol at Ϫ20°C. Methanol was then gradually replaced by butanol before embedding in paraffin. 7-m sections were cut and transferred to a standard slide. Paraffin was removed with methylcyclohexane, and samples were gradually rehydrated in successive baths of alcohol ranging from 100 to 70% and finally water. After three rinses in PBS, indirect immunofluorescence analyses were carried out as described above.
RESULTS
Classical Techniques of O-GlcNAc-bearing Protein Enrichments Are Not Suitable for Large Scale Identification in Oo-
cyte-We have reported previously that the X. laevis oocyte G 2 /M transition was accompanied by an increase in O-GlcNAc glycosylation (8, 9) . This glycosylation status change could be observed using either the anti-O-GlcNAc-specific RL2 or CTD110.6 antibodies ( Fig. 1, A and B, respectively) and wheat germ agglutinin (Fig. 1C) , a lectin that recognizes non-reducing terminal GlcNAc residues. These three tools are frequently used for the purification of O-GlcNAc-modified proteins with the intention of their identification (26, 27) . Unfortunately this classical approach was not adequate to identify O-GlcNAcylated proteins in X. laevis oocyte. Indeed Xenopus oocytes express much lower amounts of O-GlcNAc than the typical somatic cell (HeLa) when compared for equal proteins quantities (Fig. 1D , top panel (O-GlcNAc staining) and bottom panel (tubulin staining); compare the expression of ␣-tubulin between immature oocytes, matured oocytes, and HeLa). Even working with high amounts of oocytes (several milligrams of total proteins), it was difficult to obtain sufficient quantities of O-GlcNAcylated proteins for their identification by the proteomics approach. The only way to reach this objective was to enrich O-GlcNAcylated proteins using anti-O-GlcNAc antibodies (or with WGA) and by staining the bound proteins with specific antibodies or by immunoprecipitating the protein of interest followed by its staining with an anti-O-GlcNAc antibody (Fig. 2, A and B) . Following these directed/targeted approaches, anti-actin immunoprecipitations ( Fig. 2A) and WGA bead enrichments (Fig. 2B) were performed on immature and matured Xenopus oocytes crude extracts, and bound proteins were analyzed by Western blot.
Using this strategy, we first identified actin, a major cytoskeleton protein ( Fig. 2A) as an O-GlcNAc-bearing protein.
Using WGA enrichment in non-denaturing and harsh conditions, we demonstrated previously that Hsp/Hsc70 was OGlcNAcylated and that cyclin B2 was associated with an O-GlcNAcylated partner (9) . Following the same approach, we showed the O-GlcNAc modification of erk2 (Fig. 2B) . At this stage, we concluded that the use of anti-O-GlcNAc antibodies or lectins was limited for the identification of O-GlcNAcylated proteins in Xenopus oocytes. For these reasons we developed another approach based on an in vitro enzymatic labeling (Fig. 3) .
Both Structural and Functional Proteins Have Higher OGlcNAcylation Levels in Matured Oocyte-␤1,4-Galactosyl-
transferase I (GalT1) catalyzes the transfer of galactose to non-reductive terminal GlcNAc residues. In the presence of ␣-lactalbumin, GalT1 is capable to elongate glucose to form lactose. GalT1 can also transfer GalNAc from UDP-GalNAc to form low amounts of GalNAc ␤1,4-GlcNAc. The study of these differences of activities led to the engineering of Y289L GalT1 (28) allowing this mutant galactosyltransferase to enlarge its specificity for synthetic donors such as UDP-Gal analogues like UDP-2-deoxy-2-propanonyl-Gal (29) . The chemical labeling of 2-deoxy-2-propanonyl-Gal␤1,4-GlcNAc proteins with biotin enables their detection with avidin-labeled peroxidase. UDP-GalNAz, another UDP-Gal derivative, is also a substrate for the Y289L GalT1 that can transfer GalNAz to O-GlcNAc residues. This enzymatic labeling is followed by the chemical addition of a biotin alkyne probe. Indeed in the presence of 
FIG. 2. Actin and erk2 bear O-GlcNAc residues.
A, immature oocytes, matured oocytes, and HeLa cells were lysed in the immunoprecipitation buffer. Immunoprecipitation of actin was performed as described under "Experimental Procedures." After running, the immunoprecipitates were stained either with the anti-actin or the anti-O-GlcNAc antibodies. Controls of immunoprecipitation were carried out with normal rabbit IgG. B, immature and matured oocytes were lysed in the homogenization buffer, and the enrichments of the O-GlcNAc proteins on WGA-agarose (WGA-enr.) were performed either in non-denaturing conditions (ϪSDS) or in harsh conditions (ϩSDS) as described under "Experimental Procedures." Bound proteins were analyzed using the anti-O-GlcNAc and the anti-erk2 antibodies. Protein mass markers are indicated at the left (kDa). I, immature oocytes; M, matured oocytes; WB, Western blot; WCL, whole cell lysate; IP, immunoprecipitation; IgG HC, immunoglobulin heavy chain.
Cu(I), azides and alkynes react together to form stable triazole derivatives (cycloaddition) (30) . In conjunction with ␤-elimination followed by a Michael addition with DTT, this labeling has enabled the identification of a major site of O-GlcNAc glycosylation (Ser-55) on the intermediate filament vimentin (31) . Therefore, immature and matured oocytes were lysed in homogenization buffer, and O-GlcNAc residues were in vitro elongated by GalNAz and subsequently biotinylated with or without further enrichment on avidin beads as described in Fig. 3 . Control experiments were performed in parallel on bovine ␣-crystallin that contains a single O-GlcNAc residue on Ser-162 (Fig. 4A) . The proteins were separated by SDS-PAGE, electrotransferred, and stained with peroxidase-labeled avidin (Fig. 4A) . For further identification of the biotinlabeled proteins (Fig. 4A) , avidin-enriched biotinylated proteins were separated by SDS-PAGE and silver-stained (Fig. 4B) . The bands were cut up and trypsin-digested. The peptides were extracted, desalted, and analyzed by nano-LCnano-ESI-MS/MS (for details see "Experimental Procedures"). These mass spectrometry analyses allowed for the identification of 23 proteins that are listed in Table I according to their biological role, i.e. structural proteins, metabolic enzymes, translational proteins, and other functions. Several of these proteins were already identified as bearing O-GlcNAc residues, but none were described previously in Xenopus (see the "Discussion" for details).
To check that the proteins identified by the enzymatic/ chemical approach bound specifically to avidin, control experiments were performed. In this respect, proteins from matured oocytes were labeled with GalNAz, but the labeling with the biotin alkyne was omitted. Labeled proteins were enriched on avidin-coupled beads, and the profile of the bound proteins was analyzed by a staining with the avidin-labeled peroxidase and compared with the profile of the double labeled proteins (Fig. 4C) . The same experiment was also performed without any labeling (neither the enzymatic labeling nor the chemical labeling). Apart from proteins with molecular masses higher than 60 kDa (indicated by NS (nonspecific)) and that could correspond to natural biotinylated proteins such as acetyl-CoA carboxylase, none of the bands found in the avidin-enriched fraction was found in the control fractions (with no labeling or only labeled with GalNAz). Similar controls were performed on ␣-crystallin, which could be detected on the enriched fraction only when the double labeling was performed (Fig. 4C, left part of the bottom panel) .
We also confirmed the O-GlcNAc modification of PCNA and PP2A, identified by the proteomics approach (Table I) ; actin, identified both by the proteomics approach and by immunoprecipitation (Table I and Fig. 2A) ; and erk2, visualized with the WGA bead enrichment (Fig. 2B) : Fig. 4D reveals that these proteins can be detected on the avidin-enriched fraction by Western blot only in the double labeling conditions. To confirm the glycosylation of erk2, proteins were doubly labeled with GalNAz and biotin, and erk2 was subsequently immunoprecipitated. The O-GlcNAcylation of the bound erk2 was revealed by Western blot using avidin-peroxidase (Fig. 4E) .
One MS/MS spectrum for actin and tubulin, two proteins implicated in cell shape and architecture, is presented in (Fig. 6) showed a neutral loss of 975.310 Da between the precursor ion m/z 2617.268 and the y 16 ion m/z 1641.958 corresponding to the modification with GlcNAc/GalNAz/biotin. This result confirmed the presence of the modified form of ␣-crystallin and allowed us to validate the biotin alkyne labeling procedure in the mapping of O-GlcNAcylation sites. A sample in which ␤-actin was identified was analyzed by LC-MALDI-TOF/ TOF using similar experimental conditions. Two ions corresponding to peptides derived from the same sequence of the ␤-actin were detected in the MS spectra (Table II) . MS/MS analysis of these ions was not performed because of the low signal intensity on the MS spectrum. Despite low expression of   FIG. 3 . The UDP-GalNAz and biotin alkyne labeling procedure. Labeling of the O-GlcNAc-bearing proteins by GalNAz and biotin alkyne was carried out using the Click-it O-GlcNAc enzymatic labeling system and the Click-it glycoprotein detection kit (Invitrogen) as described under "Experimental Procedures." Briefly mutant GalT1 (Y289L GalT1) transfers GalNAz from the synthetic donor UDP-GalNAz to target the O-GlcNAcylated proteins to form GalNAz ␤1,4-GlcNAc proteins. This enzymatic labeling is followed by the chemical addition of a biotin alkyne probe in the presence of Cu(I) to form a stable triazole derivative. Biotinylated GalNAz-O-GlcNAc proteins were then purified on avidin beads.
O-GlcNAcylation in the Xenopus oocyte, these analyses enabled the mapping of an O-GlcNAcylation site in a region of ␤-actin between amino acids 318 and 324.
The Meiotic Spindle is O-GlcNAc-modified and/or Is Associated with O-GlcNAc Proteins and Interacts with OGT-Because we identified ␤-tubulin as an O-GlcNAc-modified
FIG. 4. Labeling of the Xenopus oocyte O-GlcNAc-bearing proteins by GalNAz and biotin alkyne.
A, after labeling of the Xenopus oocytes (immature and matured) O-GlcNAcylated proteins and enrichment of the labeled proteins on avidin-coupled beads using the procedure described in Fig. 3 , bound proteins were separated by SDS-PAGE, and Western blot analyses were performed using HRP-labeled avidin to test the efficiency of the labeling and of the enrichment procedures. ␣-Crystallin was used as a positive control. B, after enzymatic and chemical labeling, immature and matured oocyte O-GlcNAcylated proteins were enriched on avidin beads, separated by SDS-PAGE, and silver-stained. Each band was excised and subjected to trypsin digestion for further mass spectrometry analyses. C, controls of labeling and controls of the avidin bead enrichment were carried out on ␣-crystallin and on matured oocytes. The proteins were separated by SDS-PAGE, stained with Ponceau red (PR), and destained with TBS-Tween. The membrane was saturated with bovine serum albumin, and then a staining was performed with the avidin-labeled peroxidase. D, to directly bring to the fore the O-GlcNAcylation of three of the proteins found by the analyses of the mass spectrometry data, avidin-bound proteins were separated by SDS-PAGE and probed with anti-actin, anti-PCNA, and anti-PP2A antibodies. On the same figure, the staining of the avidin-bound proteins with the anti-erk2 antibodies is also shown. E, after labeling of the matured oocyte O-GlcNAcylated proteins, an immunoprecipitation was specifically performed with the anti-erk2 antibodies. The immunopurified erk2 was stained either with the avidin-labeled HRP or with the anti-erk2 antibodies. Protein mass markers are indicated at the left (kDa). Pg, progesterone; I, immature oocytes; M, matured oocytes; avidin-enr, avidin bead-enriched proteins; WB, Western blot; IP, immunoprecipitation; crys, crystallin; NS, nonspecific bands.
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TABLE I
X. laevis oocyte proteins identified by mass spectrometry using the GalNAz/biotin double labeling
The accession number, the bank used for the identification, the protein name, the apparent molecular mass found in SDS-PAGE, the theoretical molecular mass, the percentage of coverage, the Mascot score, and the number of peptides for each protein are reported. For each peptide, the charge state, the observed precursor m/z (Obs. M), the experimental (Exp. M) and theoretical (Cal. M) precursor neutral masses, the delta mass (⌬M), the number of missed cleavages, the peptide score value delivered by Mascot, and the peptide sequence are indicated. References in the last column of the The Xenopus laevis Oocyte O-GlcNAcome The Xenopus laevis Oocyte O-GlcNAcome The Xenopus laevis Oocyte O-GlcNAcome protein by proteomics approach and because tubulins are major components of the division spindle, we wanted to directly visualize the O-GlcNAcylation of the spindle.
For that purpose, the metaphase II meiotic spindles from hemisections and from 7-m sections (Fig. 7, A and B , respectively) of the matured oocytes were observed using immunofluorescence microscopy. Pictures indeed showed a colocalization of tubulins and O-GlcNAc indicating that the meiotic spindle is highly glycosylated and/or that it is associated with O-GlcNAc-bearing proteins (Fig. 7A, top panel) . The same observation was made with OGT (Fig. 7A, bottom panel,  and B, top panel) . Slawson et al. (17) showed previously that OGT was found on the mitotic spindle in somatic cells, but the present work is the first to report direct O-GlcNAcylation of the meiotic spindle. Another interesting point is that chromosomes were highly stained with both anti-O-GlcNAc and anti-OGT antibodies (Fig. 7B, middle and bottom panels) , demonstrating that DNA, at least in its condensed form, is associated with O-GlcNAcylated proteins. This observation is reinforced by data presented in supplemental Fig. 1 showing mitotic COS7 cells: as the mitosis progressed, the chromosomes showed growing intensity of O-GlcNAc staining; this is particularly evident for the prophase/metaphase transition. Moreover the presence of O-GlcNAcylation and of the enzyme that catalyzes the sugar transfer on the meiotic spindle and on the chromosomes should have consequences on microtubule nucleation, elongation, spindle morphogenesis, and chromosomal condensation and/or segregation to allow the cell to divide.
DISCUSSION
The current data present the first analysis of the Xenopus oocyte O-GlcNAcome. Previous studies have shown that the maturation process, triggered by incubation with progesterone or by the injection of cytoplasm containing MPF, is accompanied by a global O-GlcNAcylation increase (8, 9) . The O-GlcNAcylation burst is essential for meiotic resumption because the inhibition of OGT prevents the M phase entry in G 2 -arrested oocytes (9) . Apart from ␤-catenin (8, 20) and Hsp/Hsc70 (33) (34) (35) for which glycosylation has been demonstrated previously in X. laevis, the nature of the proteins for which O-GlcNAcylation increased during the G 2 /M transition was virtually unknown, and therefore the goal of this work was to identify them. This goal hit a sizable problem: whereas the Xenopus oocyte contains large amounts of proteins, it only expresses very low levels of O-GlcNAc in comparison with somatic cells (Fig. 1D) (for an equivalent quantity of proteins, the difference of O-GlcNAcylation content between the two cell types is estimated to be between 50-and 100-fold less for the oocyte than for the HeLa cells). A strategy consisting of actin immunoprecipitations followed by a staining of the immunoprecipitates with anti-O-GlcNAc antibodies allowed us to demonstrate that actin is O-GlcNAcylated ( Fig. 2A) . The enrichment of the O-GlcNAcylated proteins using WGA-immobilized beads also led to the identification of erk2 (Fig. 2B) .
Unfortunately anti-O-GlcNAc and WGA enrichments were inefficient for the identification of O-GlcNAcylated proteins in Xenopus oocyte by classical proteomics approaches. Here we tested the labeling of O-GlcNAc residues using UDPGalNAz and a recombinant galactosyltransferase (Y289L Gal-T1). This technique, which was used recently (31), allowed for the identification of 23 proteins that are components of the cell or that are implicated in the cellular metabolism. These proteins listed in Table I are distributed in four distinct classes; several of them were described previously to be O-GlcNAcylated, but none were described before in Xenopus. Actin and tubulins are structural proteins involved in cell architecture and the transport of many organelles and macromolecules, but they also play a crucial role in the control of the cell cycle. Both proteins were described previously as being O-GlcNAc-bearing proteins (31, 32, 34) . In our study, the O-GlcNAcylation of actin was demonstrated by (i) the staining with CTD110.6, (ii) the labeling with GalNAz/biotin (followed by a staining with actin), and (iii) the proteomics procedure (nano-LC-nano-ESI-MS/MS). The actin filaments control many events during oocyte maturation, for example the cortical spindle anchorage (for a review, see Ref. 36) . Tubulin (␤ form) was also retrieved in our list of O-GlcNAcylated proteins. Unfortunately because of the weak specificity and sensitivity of some antibodies raised against X. laevis proteins (especially in immunoprecipitation), we failed to convincingly show the direct modification of ␤-tubulin by probing immunoprecipitated ␤-tubulin with the anti-O-GlcNAc antibodies. Nevertheless the tubulin O-GlcNAc status was strengthened by the localization of O-GlcNAc and OGT on the meiotic spindle (Fig. 7, A and B, top panel) . Such an observation of an interaction of OGT with the spindle was reported previously (17) . These authors also described the interaction of OGT with the midbody, a cytoplasmic remnant bridging the two daughter cells at the end of cytokinesis. We observed a FIG. 7 . O-GlcNAc and OGT localized on the meiotic spindle and chromosomes in matured X. laevis oocyte. A, metaphase II oocyte hemisections. Hemisections were performed as described under "Experimental Procedures." The microtubules (sp) were stained using anti-␤-tubulin (Tub2.1), O-GlcNAc residues were stained using CTD110.6, OGT was stained using DM17, and the chromosomes (ch) were visualized using Hoechst staining. Merge pictures are shown at the right of the figure. B, metaphase II oocyte sections (7 m). Matured oocytes were fixed, dehydrated, and embedded in paraffin. The sections (7 m) were immunostained as described above. Merge pictures are shown at the right of the figure. Tubulin, OGT, and chromosomes were stained as described in A with the exception that OGT appears green at the bottom of the figure because we used Alexa Fluor 488 goat anti-rabbit IgG as the secondary antibody. O-GlcNAc residues were stained with RL2. sp, spindle; ch, chromosomes. similar phenomenon in mitotic HeLa cells (supplemental Fig.  2) . However, the impact of O-GlcNAcylation on tubulin polymerization and spindle formation remains to be determined. Our results also showed that O-GlcNAc-bearing proteins and OGT itself were highly associated with condensed chromatin (Fig. 7B , middle and bottom panels, and supplemental Fig. 1 ). The description of an abundant distribution of O-GlcNAcylation on the chromatin-associated proteins was made for the first time almost 2 decades ago (37) . Authors used FITClabeled WGA and tritiated UDP-Gal radiolabeling to demonstrate the existence of O-GlcNAcylation on DNA-associated proteins. It is well known that a plethora of transcription factors like Sp1 and other transcriptional machinery components are intensively modified with O-GlcNAcylation (38) . Enzymes involving in chromatin remodeling are also O-GlcNAcylated as it is the case for histone deacetylase 1 (39): interestingly OGT physically interacts with histone deacetylase (38) . In contrast, although a yin/yang relationship between phosphorylation and O-GlcNAcylation on histone H3 has been proposed recently based on computer analyses (40) , the direct evidence for O-glycosylation of histones has never been described. Personal attempts to show that such proteins were O-GlcNAcylated either by the use of histoneenriched fractions (supplemental Fig. 3 ) or by histone immunoprecipitation followed by an immunoblotting with an anti-O-GlcNAc antibody were unfruitful (data not shown). The supplemental Fig. 3 shows that the histones in HeLa cells do not bear any O-GlcNAc residues, whereas the nuclear fraction is extensively enriched in this PTM. The exact identification of the DNA-associated proteins that are modified by O-GlcNAcylation is one of our main challenges in the future years.
In addition to cytoskeletal proteins, we identified numerous O-GlcNAcylated functional proteins that can be classified in three different groups: metabolism, translation, and other functions. Among the nine enzymes involved in the cell metabolism, four play a direct role in glycolysis, namely aldolase, GAPDH, enolase, and pyruvate kinase, and two others, the ␤-chain 1 of the pyruvate dehydrogenase and the lactate dehydrogenase (chains A and B), both use pyruvate, the glycolysis end product, either to direct it to the citric acid cycle or to use it in anaerobic conditions (lactate dehydrogenase catalyzes the conversion of pyruvate to lactate). The pyruvate dehydrogenase ␤-chain 1 is the first component of the pyruvate dehydrogenase complex. It binds to the thiamine pyrophosphate to catalyze (i) the pyruvate decarboxylation and (ii) the reductive acetylation of lipoic acid. Although Guixe et al. (41) demonstrated the formation of ATP after injection of glucose 6-phosphate, fructose 6-phosphate, and fructose 1,6-bisphosphate and of lactate after injection of glucose, it is usually considered that glycolysis is not operational in full grown oocytes and that carbon metabolic flux is largely directed to glycogen synthesis (glycolysis only begins near gastrulation) (42, 43) . The description of O-GlcNAcylation on glycolysis-participating enzymes is not new because it has been reported for different enzymes. Using an anti-O-GlcNAc antibody-containing column, Wells et al. (26) found that pyruvate kinase, phosphoglycerate kinase, enolase, and GAPDH were O-GlcNAcylated; Cieniewski-Bernard et al. (27) also found enolase and GAPDH to which they added the triosephosphate isomerase. Nevertheless we describe for the first time the O-GlcNAcylation of aldolase. The function of OGlcNAcylation on these enzymes remains to be deciphered and understood. We hypothesize that O-GlcNAc could take part in the regulation of glycolysis. O-GlcNAc itself comes from glucose utilization through the hexosamine biosynthetic pathway (for a review, see Ref. 13 ). If O-GlcNAcylation exerts a negative control on the glycolysis-regulating enzymes we can suppose that when the glycolysis is inoperative the glucose flux, in addition to being directed to glycogen synthesis at the glucose 6-phosphate crossroad, could follow the hexosamine biosynthetic pathway (fructose 6-phosphate crossroad) to produce the OGT substrate UDP-GlcNAc. Three other metabolic enzymes, namely glutathione S-transferase, transketolase, and S-adenosylhomocysteinase, have been also identified as O-GlcNAcylated enzymes. S-Adenosylhomocysteinase is an enzyme that cleaves the S-adenosylhomocysteine into homocysteine, a reaction product and an inhibitor of all S-adenosylmethionine-dependent methylation reactions. This nuclear enzyme is confined in the cytoplasm during oocyte maturation and during the early stages of the development of embryo. Then it gradually reaccumulates in the nuclei during gastrulation (44) where it participates in mRNA transcription. Because O-GlcNAcylation is thought to have a role in the nuclear transport of numerous proteins (for a review, see Ref. 45 ) and that O-GlcNAcylation increases during the oocyte maturation process, we can suppose that this PTM mediates the S-adenosylhomocysteinase subcellular localization. To test this hypothesis, it would be interesting to look at the glycosylation status of S-adenosylhomocysteinase during gastrulation i.e. when the protein is localized in the nucleus.
Numerous O-GlcNAcylated proteins we found are involved in translational processes. Five are ribosomal proteins, and one is the translation elongation factor eEF1. Three other ribosomal proteins were described to bear O-GlcNAc residues: the 40 S ribosomal S24 protein (26, 31) and the ribosomal proteins S3 and P0 (31) . Little is known about the impact of O-GlcNAcylation on translation in comparison with the transcriptional process for which the importance of this glycosylation has been reported intensively (for reviews, see Refs. 10 -14 and 38). The only significant contribution of OGlcNAcylation reported for translation is the modification of p67 and its association with the ␣-chain of eIF2 in the prevention of its phosphorylation by the eIF2 kinase (46) . The O-GlcNAcylation of ribosomal proteins may be involved in the multimerization of these proteins and in their association with rRNAs to compose the ribosomal machinery. In regard to this idea, several groups have reported an implication of O-Glc-NAcylation in the establishment and in the reinforcement of protein-to-protein interactions (47) (48) (49) . The glycosylation of ribosomal proteins could contribute, through the formation and the stabilization of the ribosomes, to the activation of the translational machinery. In the oocyte, the transcriptional machinery is ineffective. During oogenesis, the oocyte accumulates a stock of maternal mRNAs. This stock is used to translate proteins necessary for maturation (for example, mRNA encoding mos; cyclins A1, B1, and B2; and cdk2) and also for early embryogenesis. Indeed the embryo starts to synthesize its own RNAs only at the midblastula transition. During meiotic resumption, the poly(A) tails of mRNAs are lengthened by about 100 adenyl groups. It has been demonstrated that the mRNA polyadenylation is an essential process that controls the mRNA translation (for reviews, see Refs. 50 and 51). In summary, if little is known about the regulation of translation by O-GlcNAcylation, we can hypothesize that O-GlcNAcylation may intervene at different levels (i) in the association of the different subunits constituting the ribosomal machinery, (ii) by activating/inactivating the crucial factors needed for translation, i.e. eIF, and (iii) indirectly by promoting the mRNA polyadenylation.
We also showed that the phosphoprotein phosphatase 2A-␤ is O-GlcNAcylated. PP2A has been shown to negatively regulate cdc2 in G 2 -arrested Xenopus oocyte, and PP2A depletion is sufficient to activate cdc2 in cell-free extract demonstrating the importance of this protein in cell cycle regulation (52) . This is the second time that a phosphatase has been described as bearing O-GlcNAc moieties; the first one was the nuclear tyrosine phosphatase p65 (53) . Recently it has been shown that PP1 ␣ and ␥ are in complex with OGT (54) . It is therefore possible that PP2A is itself associated with OGT and that PP1 is also modified with O-GlcNAc residues. This hypothesis, if true, adds another dimension to the complex relationship that exists between phosphorylation and O-GlcNAcylation: OGT and protein phosphatases could be modified and regulated by these two PTMs, and the interaction between the two entities could tightly control the dephosphorylation and O-GlcNAcylation processes of targeted substrates.
A recent study reported the physical interaction of the C terminus of OGT with the MAPK p38 (55) . Although the authors showed that p38 does not phosphorylate OGT and that in return OGT seems not to glycosylate the kinase, the association between the two enzymes enhances the recruitment of the OGT targets such as neurofilament H. Here we provide direct evidence of the O-GlcNAcylation of the MAPK p42 erk2. As mentioned previously in the Introduction, after hormonal stimulation with progesterone, two main pathways are activated, namely the p42 MAPK (mos-erk2) pathway (56) and the MPF pathway (5, 6) . At this stage it is not known how the O-GlcNAcylation of erk2 can regulate its activity in the oocyte maturation process.
Another interesting O-GlcNAcylated protein identified in the study was the transitional endoplasmic reticulum ATPase (TER ATPase also known as ATPase associated with various cellular activities ATPase p97). This protein is essential for the Golgi and endoplasmic reticulum fragmentation occurring during mitosis and for the reassembly of these organelles after mitosis (for a review, see Ref. 57) . A recent study describes that the cell membrane vesicular traffic is crucial for meiotic arrest (58) . Golgi fragmentation blockade prevents cell division and stops the cell cycle at the G 2 stage. The TER ATPase is also involved in the formation of the nuclear envelope (59) . The function of O-GlcNAc on TER ATPase activity and its impact on the Golgi, endoplasmic reticulum, and nuclear envelope fragmentation remain to be studied. We have also found that the small GTPase ran, which is implicated in the spindle assembly (60) and in the nuclear envelope reformation after division (61), was O-GlcNAcylated.
In conclusion, we identified several proteins belonging to four different functional groups. Although the function of OGlcNAcylation has to be determined for each identified protein, our study shows that the O-GlcNAcylation impact in the cell cycle progression is not restricted only to key regulatory proteins like specific kinases such as erk2 or phosphatases such as PP2A. Indeed the increase in O-GlcNAc was found on structural proteins that could intervene in organelle displacement and fragmentation (TER ATPase and ran), in the establishment of the division spindle and its anchorage (tubulin, actin, and ran), or in the translation of mRNAs important for the maturation process (ribosomal proteins). So to highlight the role of O-GlcNAcylation in the cell cycle progression, it seems crucial to decipher the exact function of this PTM on each factor and especially on glycolysis enzymes. 
